From the fungal endophyte, Fusarium redolens Dzf2, isolated from rhizomes of the Chinese medicinal plant Dioscorea zingiberensis, beauvericin was obtained by TLC in combination with bioautographic antibacterial assay. The compound was identified by spectroscopic and physicochemical means. The median effective inhibitory concentration (IC 50 ) values of beauvericin against six test bacteria (Bacillus subtilis, Staphylococcus haemolyticus, Pseudomonas lachrymans, Agrobacterium tumefaciens, Escherichia coli and Xanthomonas vesicatoria) were between 18.4 and 70.7 μg/mL. The beauvericin content of F. redolens Dzf2 mycelia was 9.60 mg/g dw, and beauvericin yield 62.4 mg/L. The obtained results show the potential use of the endophytic fungus for its biological role in providing its host plant with protection, as well as the possible development of beauvericin as an antibacterial.
Interest in fungal endophytes as potential producers of biologically active products has increased in the last decade [1] . Fungal endophytes, living inside healthy plant tissues, have been shown to be a rich source of bioactive compounds such as plant growth regulators, antimicrobials, insecticides, and anticancer, cytotoxic and antiviral agents [2] [3] [4] [5] . They may play significant roles in protecting the host plants from various pathogens and insects by producing secondary metabolites with biological activity [6, 7] .
Dioscorea zingiberensis C. H. Wright (Dioscoreaceae)
is a traditional Chinese medicinal plant distributing mainly in China, and its rhizome has been widely used in the pharmaceutical industry as a starting material for contraceptive and corticosteroid drugs [8] . In addition to its ecological adaptability, this plant, especially its rhizome, has a powerful resistance to insects and pathogens. The current study was thus undertaken in order to ascertain the presence of endophytes within the plant, and to ascertain whether these had any potential for synthesizing antimicrobial compounds. In our previous study, nine endophytic fungi were isolated from the rhizomes of D. zingiberensis and antibacterial activities of their crude extracts were investigated. Of them, endophytic strain Dzf2 had the strongest antibacterial activity and was identified as Fusarium redolens Wollenw. [9] . The aim of this work was to isolate and identify the antibacterial compounds from F. redolens Dzf2.
One compound with strong antibacterial activity was isolated from the extract by bio-guided isolation using a TLC-bioautographic assay [10] . After comparing the spectral and physicochemical data of the isolated compound with those found in the literature [11, 12] , it was confirmed as beauvericin, a cyclic hexadepsipeptide. The antibacterial activity of beauvericin was investigated for its median effective inhibitory concentration (IC 50 ) by the 96-well microplate broth dilution method using MTT as a growth indicator. As shown in Table 1 Some studies have shown that endophyte-infected plants have more resistance to pathogens and insects than the endophyte-free plants [6] [7] 13] . The endophyte F. redolens did not cause significant damage to D. zingiberensis, and to some extent, its secondary metabolites (for example, beauvericin) may protect the plant from pathogens and insects. Beauvericin was reported earlier to be produced by the fungus Beauveria bassiana [11] . It was also isolated from other fungi, including Fusarium species [14] . During the past decade, beauvericin has been found to possess various biological properties, such as activity against various insects, including mosquito larvae, blowfly, and Colorado potato beetle [15] , as well as cytotoxic and apoptotic effects on human cell lines [16] .
In a recent study, the combined use of beauvericin with ketoconazole (an antifungal drug) either synergized or enhanced the antifungal effect, suggesting the potential use of beauvericin as a co-drug for antifungal infections in humans [17] . There are very few reports about the compound's antibacterial activity [18] , especially against plant pathogenic bacteria. It was shown in this study that F. redolens Dzf2, producing beauvericin, has the potential for development as an agrochemical producer to control plant disease.
Fungal fermentation may be a feasible and economical process for large-scale production of beauvericin. Up to date, however, there are no reported studies on a fermentation process for beauvericin production. The highest beauvericin contents of nearly 50 Fusarium strains grown in maize kernel medium were found in strains of F. anthophilum (1.3 μg/g) and F. oxysporum (3.2 mg/g) [14] . Beauvericin production capacity of different B. bassiana isolates from insect pests of plants was also evaluated [19] . The beauvericin content in F. redolens Dzf2 mycelia was 9.60 mg/g, which was even higher than the highest found in the various Fusarium species [14, 19] . Therefore, F. redolens Dzf2 may be a more efficient and promising producer of beauvericin for fermentation technology, and its mycelial extract, with its strong antimicrobial activity, could be used as an agrochemical agent against plant pathogens.
This is the first report on beauvericin fractionation and purification from the fungal endophyte F. redolens Dzf2 associated with D. zingiberensis. Antimicrobial assay showed that beauvericin exhibited strong, broad spectrum antibacterial activity. This implied that F. redolens Dzf2 could be an appropriate beauvericin producer. Further studies to improve beauvericin yield in large scale culture by means of metabolic regulations are now in progress.
Experimental
General experimental procedures: The median inhibitory concentration (IC 50 ) of beauvericin was determined by measuring the absorbance at 590 nm using a multi-plate reader (Bio-Rad-550, USA). Beauvericin content was analyzed using a HPLC (Hewlett Packard series 1100) instrument including a Hitachi L-7100 pump, a HP-1050 UV detector, and a C-18 reverse phase column (4.6 mm × 250 mm, Alltech, Deerfield, IL, USA). All chemicals used in the study were of analytical grade.
Fungus and culture conditions: Endophytes were isolated from the rhizomes of Dioscorea zingiberensis and characterized as described in our previous report [9] . The isolates were numbered and preserved on potato dextrose agar (PDA) slants at 4°C, and kept in the Department of Plant Pathology, College of Agronomy and Biotechnology, China Agricultural University. Fusarium redolens Wollenw. (isolate Dzf2, and accession number DQ44621 in GenBank) was chosen for this study because of its high frequency of isolation and strong antibacterial activity. Two to three agar plugs with mycelia were transplanted and grown in a 1000 mL Erlenmeyer flask containing 300 mL of liquid medium (glucose 40 g/L, peptone 10 g/L, NaCl 0.6 g/L, K 2 HPO 4 0.6 g/L, MgSO 4 0.2 g/L and FeSO 4 0.05 g/L) [20] . All shake flasks were incubated at 150 rpm on a rotary shaker at 25°C for 7 days. A total of 40 L fermentation broth was obtained.
Fractionation and purification:
The culture suspension was filtrated in vacuum to afford the filtrate and mycelia. The filtrate was extracted, 3 times, with an equal volume of n-butanol. The mycelia were lyophilized to dry weight (260 g), ground with a mortar and pestle, followed by sonicating and extraction with 2000 mL n-butanol, 3 times. The n-butanol solution was concentrated in vacuo at 50°C to obtain mycelial (31 g) and culture filtrate extracts (16 g Beauvericin produced by Fusarium redolens Natural Product Communications Vol. 5 (5) 2010 813 on the TLC-bioautographic antibacterial activity, the mycelial extract was further subjected to chromatography over a silica gel column (500 g, 200-300 mesh) eluting with a cyclohexane-EtOAc gradient (from 1:0 to 0:1, v/v) to obtain 10 fractions (from F-1 to F10). Of these, fraction F-8, eluted with cyclohexane-EtOAc (2:1, v/v), showed the strongest antibacterial activity in a bio-guided assay, and about 4 g of fraction F-8 was further chromatographed by gel filtration over Sephadex LH-20 with CHCl 3 -MeOH (1:1, v/v). Similar sub-fractions of F-8 were combined and fractionated further on a RP-18 column using MeOH-H 2 O (9:1, v/v) to yield an active compound (31 mg).
Antimicrobial assay: Two Gram-positive (Bacillus subtilis ATCC11562 and Staphylococcus haemolyticus ATCC29970) and four Gram-negative (Pseudomonas lachrymans BSMPMI-B007, Agrobacterium tumefaciens ATCC11158, Escherichia coli ATCC 25922 and Xanthomonas vesicatoria BSMPMI-B005) bacteria were used as test micro-organisms. P. lachrymans and X. vesicatoria were directly isolated from diseased tomatoes and cucumbers, respectively, and characterized by the Department of Plant Pathology of China Agricultural University. All bacterial test strains were grown on LB agar medium (yeast extract 5 g/L, peptone 10 g/L, NaCl 5 g/L, agar 20 g/L, pH 7.0) at 28°C. Antibacterial activity was detected by the following two methods.
The first was a TLC-bioautographic combined antibacterial assay for bio-guided fractionation and purification of the active compounds. Briefly, the extracts and fractions were dissolved in methanol at a concentration of approximate 2 mg/mL, and then subjected to TLC using methanol-chloroform (1:10, v/v) as eluent. The test bacteria were cultured overnight in LB medium, diluted to 10 7 cfu/mL, then 150 μL of the dilution was added to 15 mL of LB agar media at 45°C, mixed thoroughly and 3 mL of mixture was rapidly poured onto the TLC plate. Final concentration of each strain was 10 5 cfu/mL. The TLC plate with the test bacteria was incubated at 28°C for 12 h. Subsequently, the color reagent was sprayed with 0.50 mg/mL of 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyl tetrazolium bromide (MTT, Amresco), and incubated for another 2 h. The presence of biological activity was determined by the formation of welldefined inhibition zones made visible by spraying with MTT that was converted to a formazan dye by the living microorganism [21] . Activity was detected as white inhibition zones against a purple background.
The second method used 96-well microplate broth dilution by combining the colorimetric assay using MTT for further evaluating the median effective inhibitory concentration (IC 50 ) of beauvericin against bacteria [22] . Briefly, each well in a sterile 96-well microplate was filled with 90 µL test bacterial suspension containing 10 6 cfu/mL. Test samples (10 µL) of different concentrations were added into each well. After the culture plate had been incubated for 24 h at 28°C, 10 µL of MTT stock solution at a concentration of 5 mg/mL was added to each well. The plate was incubated for another 4 h at 28ºC, then centrifuged at 1500 g for 20 min, and the supernatant removed. The reaction was stopped by adding 150 µL of dimethyl sulfoxide into each well, and colored formazan products were extracted for 30 min by using a plate shaker at 28ºC. After complete extraction, the plate was centrifuged at 1500 g for another 20 min, and then 100 µL of the supernatant from each well was transferred to another 96-well plate, and the absorbance measured at 590 nm using a multi-plate reader. The percentage of microorganism growth inhibition was determined as [(Ac-At)/Ac] × 100, where Ac was an average of 6 replicates of the light absorbance at 590 nm of the negative controls, and At was an average of 6 replicates of the light absorbance at 590 nm of the samples. The IC 50 against the tested microorganisms was calculated using the linear relation between the inhibitory probability and concentration logarithm according to the methods outlined by Finney [23] .
Beauvericin content analysis: After F. redolens Dzf2 was cultured in the liquid medium for 7 days, the suspension was filtrated in vacuo to separate mycelia from medium. The mycelia were lyophilized to dry weight and ground to powder, followed by sonicating and extracting with methanol-ethyl acetate (1:1, v/v) in an ultrasonic bath (3 times, 30 min each), and then centrifuged to attain a solid-free extract. Beauvericin content in the extract solution was analyzed by HPLC using a C-18 column, acetonitrile-H 2 O (85:15, v/v) as the mobile phase and UV detection at 210 nm. The peak area was calibrated to beauvericin content with a chemical standard (Sigma). Beauvericin present in the culture medium was negligible and not determined. All experiments were carried out in shake-flask cultures, in triplicate, and the results were averaged.
